Introduction
============

In the last decade, various fabrication methods for construction of three-dimensional biomimetic scaffolds, including electrospinning,[@b1-ijn-8-337]--[@b3-ijn-8-337] phase-separation,[@b4-ijn-8-337],[@b5-ijn-8-337] freeze drying,[@b6-ijn-8-337],[@b7-ijn-8-337] and self-assembly,[@b8-ijn-8-337],[@b9-ijn-8-337] have been developed for tissue engineering and regenerative medicine. These scaffolds can mimic the architecture of the native extracellular matrix at the nanoscale level (eg, hierarchical architecture formed with nanofibers and nanopores), which provides the initial space for regeneration of new tissue.[@b10-ijn-8-337] In addition, surface modification methods (eg, plasma exposure) used for nanostructured scaffolds can introduce functional groups (eg, Arg-Gly-Asp peptide) onto the surface of the scaffolds, which directly and significantly enhance cell attachment, migration, and proliferation.

Traditional tissue engineering methods use a "top-down" approach, in which cells are seeded onto a scaffold with biocompatible and biodegradable properties, and are expected to populate in the scaffold and create their own extracellular matrix. Despite several thin or avascular tissues, such as skin,[@b11-ijn-8-337] bladder,[@b12-ijn-8-337] and cartilage,[@b13-ijn-8-337] having been engineered successfully via the top-down approach based on these biomimetic scaffolds in vitro, the fabrication of complex larger functional tissues (eg, liver and kidney) with high cell densities and high metabolic requirements still faces challenges. This is mainly because of the limited diffusion properties of biomimetic scaffolds.[@b14-ijn-8-337] For instance, the diffusion scale of hydrogel scaffolds is often restricted to 200 μm due to the necrotic core.[@b15-ijn-8-337],[@b16-ijn-8-337] Currently, the emerging "bottom-up" method may hold great potential to address this challenge, and focuses on the fabrication of microscale tissue building blocks with a specific microarchitecture and assembling these units to engineer larger tissue constructs from the bottom up.[@b17-ijn-8-337] Fabrication of tissue building blocks can be achieved via multiple approaches, including fabrication of cell-encapsulating microscale hydrogels (microgels), self-assembled cell aggregation, generation of cell sheets, and direct printing of cells[@b18-ijn-8-337]--[@b20-ijn-8-337] ([Figure 1](#f1-ijn-8-337){ref-type="fig"}). These microscale building blocks can be successfully assembled into complex tissue constructs, with control over features such as the shape and composition of individual blocks.[@b21-ijn-8-337],[@b22-ijn-8-337] Various assembly methods have been investigated, including those based on microfluidics,[@b23-ijn-8-337] acoustic fields,[@b24-ijn-8-337] magnetic fields,[@b25-ijn-8-337] and surface tension.[@b26-ijn-8-337]

In this review, we firstly describe state-of-the-art methods for fabricating nanofibrous biomimetic scaffolds, including electrospinning, phase-separation, freeze-drying, and self-assembly. A brief overview of their applications for tissue engineering is also presented. Secondly, the bottom-up methods for assembling microscale blocks (eg, microgels) including railed microfluidic assembly, surface tension assembly, acoustic assembly, and magnetic assembly are reviewed. Moreover, microfluidic hydrogels for vascularization are briefly presented. Finally, future perspectives for the development of techniques of construction of three-dimensional scaffolds are offered.

Fabrication of three-dimensional biomimetic scaffolds
=====================================================

Many extracellular proteins, including collagen, have a nanoscale fibrous structure (50--500 nm in diameter) in vivo, which has been found to enhance cell attachment, proliferation, and differentiation.[@b27-ijn-8-337],[@b28-ijn-8-337] Nanofibrous biomimetic scaffolds consist of biodegradable polymer nanofibers, which can be fabricated by several methods, including electrospinning, phase-separation, and self-assembly, and can mimic the nanofibrillar structure of the extracellular matrix in vivo. Here, we focus on these fabrication methods for nanofibrous scaffolds and their successful applications in tissue engineering ([Table 1](#t1-ijn-8-337){ref-type="table"}).

Electrospinning
---------------

Electrospinning is a technique used widely for fabricating fibers with diameters in the nanoscale (\<1000 nm) or microscale (\>1 μm) range.[@b29-ijn-8-337] In the electrospinning process, a syringe pump, a high voltage source, and a collector are needed ([Figure 2A](#f2-ijn-8-337){ref-type="fig"}). Firstly, a very high voltage is applied to a capillary tube filled with polymer solution or melt, which is held at the tip of the capillary via surface tension. Secondly, a mutual charge repulsion caused by application of an electrical field is induced within the polymer solution or melt, which directly opposes the surface tension of the polymer solution. When the intensity of the electrical field is increased, the charge repulsion will overcome the surface tension to form a jet. Finally, the ejected polymer solution and melt repel each other and the solvent evaporates to form fibers as the jet travels to the collector. Fibers ranging from nanometers to micrometers in size can be formed by regulating parameters including intrinsic solution properties, eg, viscosity, conductivity, and surface tension, and operational conditions, including the hydrostatic pressure in the capillary tube, strength of the electrical field applied, and distance between the tip and collector.

A variety of synthetic polymers, eg, poly(lactic acid) \[PLLA\], poly(glycolic acid), poly(lactic-co-glycolic acid) \[PLGA\] and polycaprolactone, and natural polymers (eg, collagen, chitosan, silk fibroin, and chitin) have been fabricated as three-dimensional nanofibrous scaffolds using the electrospinning method for tissue engineering.[@b30-ijn-8-337]--[@b32-ijn-8-337] For instance, electrospinning of type I collagen in 1,1,1,3,3,3-hexafluoro-2-propanol solvent to fabricate biomimetic nanofibrous scaffolds has been investigated[@b33-ijn-8-337] ([Figure 2B](#f2-ijn-8-337){ref-type="fig"}). The average diameter of electrospun collagen fibers was 460 nm, and they were found to enhance cell attachment, growth, and proliferation after the coating process with extracellular matrix proteins (type I collagen or laminin). For synthetic polymers with poor biocompatibility, various macromolecules, such as proteins and growth factors, can be incorporated into nanofibrous scaffolds to enhance their biocompatibility during the electrospinning process.[@b34-ijn-8-337],[@b35-ijn-8-337] Although electrospinning is a quick and simple approach to fabrication of various types of nanofibrous scaffolds, it is still a big challenge to engineer scaffolds with complex structures for many tissue engineering applications. Moreover, generation of scaffolds containing a homogeneous distribution of pores will also need to be addressed.

Phase separation
----------------

The phase separation process can be induced thermally or by a nonsolvent, and has been utilized to fabricate porous membranes or foams for filtration and separation purposes.[@b36-ijn-8-337] Induction of the phase separation process using a nonsolvent commonly results in scaffolds with a heterogeneous pore structure which is not suitable for fabrication of tissue engineering scaffolds, which generally need a uniform pore structure.[@b37-ijn-8-337] The thermally induced phase separation process takes place when a homogeneous polymer solution becomes thermodynamically unstable under certain temperature conditions and tends to separate into a multiphase system domains, comprising a polymer-lean phase (with a low polymer concentration) and a polymer-rich phase (with a high polymer concentration).[@b38-ijn-8-337],[@b39-ijn-8-337] Subsequently, the polymer-rich phase solidifies to form a matrix while the polymer-lean phase turns into pores as a result of solvent removal. Thermally induced phase separation can be divided into solid-liquid phase separation and liquid-liquid phase separation. The solid-liquid phase separation process is used to induce solvent crystallization from a polymer solution by lowering the temperature, which leads to formation of pores after removal of solvent crystals. In the liquid-liquid phase separation process, polymer solutions with an upper critical temperature form a bicontinuous structure (both polymer-lean phase and polymer-rich phase).[@b40-ijn-8-337],[@b41-ijn-8-337]

Various synthetic polymeric nanofibers have been fabricated using phase separation methods for tissue engineering applications.[@b4-ijn-8-337],[@b5-ijn-8-337] For instance, PLLA scaffolds with a continuous three-dimensional nanofibrous network have been fabricated using liquid-liquid phase separation, which contained nanofibers with a diameter ranging from 50 nm to 500 nm and a porosity of 98%.[@b42-ijn-8-337] PLLA/hydroxyapatite porous scaffolds have also been prepared using solid-liquid phase separation, and demonstrated to enhance osteoblast growth and proliferation better than pure PLLA scaffolds in bone tissue engineering.[@b43-ijn-8-337] Recently, several natural polymers have been fabricated into three-dimensional porous scaffolds. For instance, chitosan scaffolds with nanofibrous or microfibrous structures have been prepared by solid-liquid phase separation. The porosity and fiber size of the scaffolds can be regulated by several methods, including phase separation temperature and chitosan concentration, which will be a potential tool for tissue engineering[@b44-ijn-8-337] ([Figure 3A and B](#f3-ijn-8-337){ref-type="fig"}). Compared with the electrospinning approach, phase separation holds great potential for fabrication of three-dimensional nanofibrous scaffolds with uniform pore structures through dual or multiple phase separation processes. In addition, phase separation can engineer three-dimensional shapes via several techniques, including solid free-form fabrication, rapid prototyping, and computer-assisted design and manufacture. However, limitations such as limited material selection and inadequate resolution still exist.

Freeze-drying
-------------

Freeze-drying has emerged as a drying process for converting solutions of labile materials into solids of sufficient stability for distribution and storage in applications such as food science, pharmaceuticals, and enzyme stabilization.[@b45-ijn-8-337]--[@b47-ijn-8-337] Freeze-drying involves three major steps: the solution is frozen at a low temperature (−70°C to −80°C); the frozen sample is located in a chamber in which the pressure is lowered (to a few millibars) through a partial vacuum, known as the primary drying process, in which ice in the material is removed by direct sublimation; and most of the unfrozen water in the material is removed by desorption in a secondary drying process. In the last two decades, the freeze-drying method has been widely investigated for the fabrication of three-dimensional porous scaffolds for tissue engineering.[@b7-ijn-8-337],[@b48-ijn-8-337] For instance, methacrylamide-modified gelatin-2-hydroxyethyl methacrylate porous scaffolds have been fabricated using the freeze-drying method.[@b49-ijn-8-337] Human foreskin fibroblasts seeded onto these novel scaffolds still maintain high (95%) viability after 7 days in culture in vitro. Autissier et al[@b48-ijn-8-337] prepared a porous polysaccharide-based scaffold using the freeze-drying method, and demonstrated that pore diameter (55--243 μm) and porosity (33%--68%) in the scaffolds can be regulated by the freeze-drying pressure ([Figure 3C and D](#f3-ijn-8-337){ref-type="fig"}). Adhesion and proliferation of human mesenchymal stem cells on both porous and nonporous polysaccharide-based scaffolds have also been investigated. Although there are several advantages of the freeze-drying method, including use of water and ice crystals instead of an organic solvent in the scaffold fabrication process, which is more suitable for biomedical applications, it is still a big challenge to engineer scaffolds with hierarchical structures (eg, vascularized systems) using this approach.

Self-assembly
-------------

The self-assembly process, defined as an autonomous organization of components into patterns or structures without human intervention, has been utilized for fabrication of various nanofibers.[@b50-ijn-8-337],[@b51-ijn-8-337] Such self-assembly of biological molecules can be induced by noncovalent bonds or weak covalent interactions, including electrostatic, van der Waals, hydrophobic interactions, ionic, hydrogen, and coordination bonds. A typical example of molecular self-assembling into an ordered structure in nature is phospholipids, which are important components of the cell membrane and can self-assemble into several higher order structures such as vesicles, tubules, and micelles in aqueous solution due to their natural amphiphilic structures.[@b52-ijn-8-337] In addition, various nanoscale filaments of proteins (eg, peptides) can be assembled into nanofibers with a high aspect ratio, which can mimic the physical microenvironment of cells in vivo. In the body, these nanofibers could wrap around cells covering long distances over their surfaces and act as cables that connect neighbor cells and mechanically support them by creating three-dimensional networks[@b53-ijn-8-337] ([Figure 4A](#f4-ijn-8-337){ref-type="fig"}). For instance, one kind of peptide amphiphiles has been investigated to fabricate nanofibers via a pH-induced self-assembly process for bone tissue engineering.[@b54-ijn-8-337] These peptide amphiphiles contains several key structural features, including: long hydrophobic alkyl tails that aggregate in aqueous solution to drive self-assembly; four consecutive cysteine residues that form disulfide bonds to polymerize the self-assembled structures; a linker region of three glycine residues to provide flexibility to the hydrophilic head group; a single phosphorylated serine residue that interacts strongly with calcium ions to enhance mineralization; and a Arg-Gly-Asp peptide ligand to enhance cell adhesion[@b55-ijn-8-337] ([Figure 4B](#f4-ijn-8-337){ref-type="fig"}). Peptide amphiphiles treated with dithiothreitol at pH 8 are soluble in aqueous solution and start to self-assemble at pH 4. Fibers with an average diameter of 7 nm and length of up to several micrometers are formed and can be observed by cryotransmission electron microscopy ([Figure 4C](#f4-ijn-8-337){ref-type="fig"}). Moreover, a class of peptide amphiphiles has been demonstrated to self-assemble into nanofiber networks by adjusting both the pH and salt ion concentration (eg, sodium and potassium) in aqueous solution.

In addition to peptide amphiphiles, various designer oligopeptides can also self-assemble into nanofibers as a result of their amphiphilic structure.[@b56-ijn-8-337],[@b57-ijn-8-337] The first of the designer oligopeptides, EAK 16-II, a 16-amino acid peptide, was found as a segment in zuotin, a yeast protein, which was originally characterized as binding to left-handed Z-DNA.[@b58-ijn-8-337] This natural peptide had an amino acid sequence of AEAEAKAKAEAEAKAK, which can form a stable β-sheet structure and self-assemble into hydrogels with various shapes upon adjustment of the sodium/potassium concentration in aqueous solution. These peptide scaffolds can enhance mammalian cell adhesion, proliferation, and differentiation.[@b59-ijn-8-337],[@b60-ijn-8-337] Holmes et al[@b61-ijn-8-337] studied neuronal cell adhesion and differentiation using Ac-RADARADARADARADA-NH2 (RAD16-I) and Ac-RARADADARARADADA-NH2 (RAD16-II), two short self-assembling peptide hydrogel scaffolds, and found that mouse neurons can form active dendrites on these scaffolds.

Although the self-assembly approach can form various types of nanofibers and nanoscale networks upon adjustment of sample parameters, such as the pH and ionic concentration of the aqueous solution, it is still a challenge to form stable three-dimensional geometrical structures due to their poor mechanical properties and the fact that the engineered peptide nanofibers can be fragmented and are susceptible to endocytosis.[@b44-ijn-8-337] Moreover, the high cost of synthesis of biomaterials limits their applications in tissue engineering and regenerative medicine.

Nanofibrous scaffolds in tissue engineering
-------------------------------------------

### Extracellular matrix mimics

The extracellular matrix is a complex three-dimensional network for cell growth, proliferation, and differentiation, which consists of a cellular matrix of nanofibers with nanopores that create various local microenvironments.[@b51-ijn-8-337] Nanofibrous scaffolds can be utilized as superior extracellular matrix mimics for tissue engineering applications because of their architectural features, which are similar to those of the extracellular matrix in vivo. Firstly, nanofibrous scaffolds consisting of nanofibers are similar to most extracellular matrix molecules, such as matrix proteins (eg, collagen, laminin, and fibronectin, 5--500 nm in size) and proteoglycans (eg, hyaluronic acid, 450--1000 nm), which have been found to enhance cell attachment, proliferation, and differentiation.[@b62-ijn-8-337] Secondly, in a true three-dimensional environment in vivo, the pores generated by nanofibers in the extracellular matrix are much smaller than the diameter of most cells (5--50 μm) and have high porosity (\>80%). Nanofibers in three-dimensional biomimetic scaffolds can have variable porosity (60%--95%), with diameters ranging from nano size to micro size, which can be controlled using several fabrication methods, as described earlier. Thus, these scaffolds can mimic the extracellular matrix in vivo with adjustable pore structures. Finally, the stiffness of native tissues, which is the most common mechanical cue that cells are exposed to in vivo, ranges from 0.1 kPa (eg, in the brain) to 40 kPa (eg, in osteoid tissue).[@b63-ijn-8-337] Although scaffolds composed of natural polymers are usually mechanically weak and have limited mechanical controllability, several methods have been developed to improve their mechanical performance, including incorporation of functional groups (eg, thiolate, acrylate, and tyramine), and several composition systems, eg, collagen-polyacrylamide, alginate-polyacrylamide, and agarose-poly(ethylene glycol) (PEG) have been generated.[@b64-ijn-8-337],[@b65-ijn-8-337] For instance, human mesenchymal stem cells show neurogenic and osteogenic phenotypes when seeded onto collagen-polyacrylamide hydrogel scaffolds, with a stiffness similar to that in brain (0.1--1 kPa), muscle (8--17 kPa), and nascent bone (\>34 kPa) tissue.[@b66-ijn-8-337] Therefore, nanofibrous scaffolds hold great potential as in vivo extracellular matrix mimics for tissue engineering applications.

### Top-down approach for tissue engineering

The top-down approach based on a variety of three-dimensional scaffolds has been investigated for application in tissue engineering, due to the nanoscale structure of these scaffolds being analogous to that of the native extracellular matrix. For instance, in vascular tissue engineering, fabrication of small diameter (inner diameter \< 6 mm) vascular grafts to meet clinical needs is still a big challenge, mostly due to the potential for thrombus formation. To address this challenge, Liu et al[@b67-ijn-8-337] fabricated sulfated silk fibroin nanofibrous scaffolds (S-silk scaffold) with enhanced anticoagulant activity to reduce platelet adhesion and aggregation in denuded areas on the luminal surface of vascular grafts, which may prevent thrombus formation and improve the chances of successful vascular reconstruction in small vessels. The nanofibrous scaffold was engineered using an electrospinning method, and was composed of continuous nanofibers with an average diameter of 220 ± 35 nm. In addition, both adhesion and proliferation of endothelial cells on S-silk scaffolds were investigated in vitro. It was found that the anticoagulant activity of S-silk scaffolds was significantly improved compared with that of silk fibroin nanofibrous scaffolds. For engineering of cartilage tissue, the major limitation of currently engineered cartilage is its nonhomogeneous structure and poor mechanical properties. It has also been demonstrated that oriented scaffolds (similar to cartilage tissue in vivo) could greatly improve cell migration compared with the nonoriented scaffolds achieving cartilage regeneration in vitro. Thus, how to engineer three-dimensional scaffolds with regulated oriented structures and the desired mechanical properties is still a challenge. Recently, Zhang et al[@b68-ijn-8-337] fabricated a PLGA scaffold with highly porosity (90%) and a microtubule structure using a solid-liquid phase separation approach. Oriented scaffolds seeded with chondrocytes formed thicker cartilage with a more homogeneous structure and stronger mechanical properties than nonoriented scaffolds after 12 weeks of in vitro culture. Furthermore, cartilage engineered in vitro was implanted into nude mice and showed a mature structure, with abundant cartilage-specific extracellular matrix deposition after 12 weeks ([Figure 5](#f5-ijn-8-337){ref-type="fig"}).

Conventional approaches to engineering tissues based on three-dimensional biomimetic scaffolds in vitro involve three steps: fabrication of three-dimensional scaffolds via various techniques including electrospinning, phase separation, freeze-drying, and self-assembly; surface modification of the prepared scaffolds to enhance their biocompatibility, especially of their synthetic polymer components; and coculture of cells on three-dimensional porous scaffolds to regenerate tissues in vitro.[@b22-ijn-8-337] Although several thin or avascular tissues (eg, skin, bladder, and cartilage) have been engineered successfully via the top-down strategy in vitro, fabrication of complex and large functional tissues (eg, liver and kidney) with high cell densities and high metabolic requirements still faces challenges. This is mainly because of the limited diffusion properties of biomimetic scaffolds.[@b69-ijn-8-337] Another key challenge of these scaffolds is the lack of an adequate vasculature system to supply oxygen and nutrients for tissues in vivo and eliminate the waste they generate.[@b70-ijn-8-337],[@b71-ijn-8-337] Therefore, strategies to address these challenges are urgently needed to engineer complex and large functional tissues in vitro for clinical applications.

Bottom-up approach for tissue engineering
=========================================

Hydrogels have widespread applications in biomedical engineering because of their hydrated environment and tunable mechanical, chemical, and biocompatibility properties which are similar to the native extracellular matrix.[@b72-ijn-8-337] Recently, the bottom-up approach has emerged as an assembly process for microscale building blocks (eg, cell-encapsulating microgels) which holds great potential to fabricate complex tissue constructs, with control over the shape and compositional features of the individual building blocks.[@b24-ijn-8-337],[@b25-ijn-8-337],[@b73-ijn-8-337],[@b74-ijn-8-337] Another advantage of the bottom-up method is the superior diffusion properties of microgels due to their controllable volume, which can obtain a high cell density after encapsulating cells. A variety of methods have been developed to fabricate microgels, including molding,[@b75-ijn-8-337] folding, photolithography,[@b21-ijn-8-337] molecular synthesis,[@b76-ijn-8-337] and generation of microdroplets.[@b77-ijn-8-337] Here we focus on microgels fabricated using photolithography ([Figure 6A](#f6-ijn-8-337){ref-type="fig"}) and the assembly approaches used for these microgels via railed microfluidic assembly, surface tension assembly, acoustic assembly, and magnetic assembly. A brief review of fabrication methods for microfluidic hydrogels with vascular-like structures is now be presented.

Strategies for assembly of microscale hydrogels
===============================================

Trailed microfluidic assembly
-----------------------------

Microfluidic assembly is a promising process for parallel fabrication of devices based on microfluidic channels.[@b78-ijn-8-337],[@b79-ijn-8-337] Recently, a novel railed microfluidic assembly approach was utilized to assemble microgels, involving fabrication of two-dimensional complex constructs, such as a Greek temple shape[@b23-ijn-8-337] ([Figure 6B](#f6-ijn-8-337){ref-type="fig"}). In this study, a groove was fabricated on the top surface of the microfluidic channel instead of a conventional channel with a flat surface, which functioned as a rail to guide the movement of in situ photocrosslinking hydrogel precursor solutions. The main advantage of this approach is its capacity to assemble complex constructs (eg, Greek temple, Eiffel tower, and skeleton shapes) composed of a large number of different parts, just by increasing the number of rails and microstructures involved in the assemble process. In addition, heterogeneous assembly of microstructures comprising different polymeric materials was achieved by cross-solution movement. A 3 × 3 microgel matrix encapsulating two types of living cells (HeLa and HEK293) was also formed using trailed microfluidic assembly. The results indicate that the microfluidic assembly approach could be a useful tool for fabricating complex constructs with multiple cell types for tissue engineering.

Acoustic assembly
-----------------

Acoustic techniques, such as ultrasonic standing waves integrated with microfluidics, have traditionally been used for manipulation of particles and cells, cell synchronization, cell patterning, and microcentrifugation.[@b80-ijn-8-337],[@b81-ijn-8-337] Acoustic techniques have several advantages, including noninvasive and gentle handling of cells and particles that are sensitive to pressure or heat and reduced instrumentation complexity.[@b82-ijn-8-337] Recently, an assembly approach of cell-encapsulating microgels using acoustic fields has been developed[@b24-ijn-8-337] ([Figure 6C](#f6-ijn-8-337){ref-type="fig"}). Firstly, microgels were fabricated by a photocrosslinking reaction of PEG-methacrylate hydrogel precursor solution mixing with both photoinitiator and cell suspensions. In this study, 2-hydroxy-1-(4-(hydroxyethoxy) phenyl)-2-methyl-1-propanone (Irgacure 2959) was utilized as a cytocompatible photoinitiator to generate initiating radicals of PEG-methacrylate monomers, which can ultimately form crosslinked networks due to the two acrylate double bonds existing in the structure. A variety of PEG-based hydrogels, which have widespread applications for cell/drug encapsulation, can be formed via a photocrosslinking reaction due to simple modification of the end groups on PEG. For instance, the reaction of PEG with methacryloyl chloride or acryloyl chloride in the presence of triethylamine is a simple method for adding photoreactive vinyl groups.[@b83-ijn-8-337]--[@b85-ijn-8-337] At this stage, both ultraviolet light and a photomask were needed. Secondly, microgels with maintained cell viability (\>93%) and various sizes and geometries (eg, square, tetris, lock-and-key) were assembled to form a single-layer structure in seconds in a noninvasive manner. The single-layer structure was stabilized by secondary crosslinking. Finally, new microgels were introduced onto the surface of the assembled single-layer structure and then assembled to form a second-layer structure using an acoustic field. Multilayer constructs were also generated using this layer-by-layer approach.

Surface tension assembly
------------------------

Despite the two-dimensional complex constructs being able to be fabricated via the railed microfluidic assembly approach, assembly of cell-encapsulating microgels into three-dimensional tissue constructs is still needed for tissue engineering. To address this challenge, a novel assembly of microgels has been developed, driven by the thermodynamic tendency of multiphase liquid-liquid systems to minimize the surface area and obtain a lower energy configuration[@b21-ijn-8-337] ([Figure 7B](#f7-ijn-8-337){ref-type="fig"}). First, PEG-methacrylamide microgels were fabricated via photopolymerization (as mentioned earlier) and located into hydrophobic mineral oil phase, with four types of microgels, including linear, random, branched, and offset, obtained by adjusting the agitation rate. Next, a secondary crosslinking step was needed to stabilize the assembled constructs outside of mineral oil phase, and a lock-and-key shape of microgels was observed in the final assembly. Finally, the viability of NIH 3T3 cells encapsulated in the microgels was evaluated. The cell-encapsulating microgels fabricated after initial crosslinking and secondary crosslinking still maintained high cell viability of 95% and 85%, respectively. The surface tension assembly approach was also developed by using a more hydrophobic organic solvent (perfluorodecalin) to fabricate three-dimensional tissue constructs with adjustable features in the micrometer scale. The high hydrophobicity of the solvent resulted in enhanced surface tension and closely packed microgels at the liquid-air interface.[@b26-ijn-8-337],[@b74-ijn-8-337] The assembly process could also be controlled by changing the stirring speed and duration. Comparing with the railed microfluidic assembly approach, emerging surface tension assembly strategies hold great potential for fabrication of organized complex three-dimensional tissue constructs with spatial control in vitro.

Magnetic assembly
-----------------

Magnetic hydrogels have widespread applications in drug delivery, enzyme immobilization, and cancer therapy due to their controllability, actuation, and rapid response properties, as a result of interactions between embedded magnetic nanoparticles and an external magnetic field. In addition, microgels with embedded magnetic nanoparticles have been utilized for three-dimensional cell culture. Using this approach, it has been demonstrated that control of tissue shape and in situ monitoring of interaction in a confrontation assay can be achieved.[@b86-ijn-8-337]

Recently, a novel assembly method involving application of an external magnetic field to assemble cell-encapsulating microscale magnetic hydrogels (M-gels) has been developed[@b25-ijn-8-337] ([Figure 7A](#f7-ijn-8-337){ref-type="fig"}). In this approach, three-dimensional multilayer spherical constructs were obtained by assembling M-gels (gelatin methacrylate) onto the tip of a magnetic rod, layer by layer. The size of the spherical constructs assembled can be precisely adjusted by the concentration of the magnetic nanoparticles in the M-gels. Fabrication of other complex three-dimensional constructs, including arc and dome shapes, was also achieved successfully. Release of magnetic nanoparticles encapsulated in M-gels as the hydrogel network undergoes biodegradation has also been evaluated using inductively coupled plasma atomic emission spectroscopy.[@b87-ijn-8-337] This demonstrated that release of the magnetic nanoparticles was linearly correlated with the M-gel biodegradation rate, with correlation factors of 0.96 ± 0.03 and 0.99 ± 0.01 for magnetic nanoparticle concentrations of 1% wt and 5% wt, respectively. These results indicate that magnetic assembly of M-gels holds great potential for fabrication of three-dimensional complex tissue constructs in vitro.

Compared with top-down tissue engineering strategies, the emerging approaches for assembly of cell-encapsulating microgels are promising for the engineering of spatially organized three-dimensional tissues and organs. However, several challenges still exist. For instance, more biocompatible and biodegradable polymers are needed to fabricate microgels for in vivo testing (eg, in situ implantation or injection). In addition, ways need to be found to enhance the mechanical properties of microgels intended for regeneration of specific tissues, such as bone and cartilage.

Microfluidic hydrogels for vascularization
------------------------------------------

One key challenge of the top-down approach to tissue engineering is the lack of a highly branched system of large blood vessels to supply oxygen and nutrients to the surrounding tissues. Hydrogels embedded in microfluidic networks have the potential to create functional tissues with enhanced vascularization and enable controlled cell behavior by regulating the distribution of chemical cues in hydrogels via microchannels.[@b88-ijn-8-337],[@b89-ijn-8-337] Various methods, including molding, soft lithography, and bioprinting can be utilized to engineer hydrogels embedded with microchannels.[@b90-ijn-8-337]--[@b93-ijn-8-337] For instance, Huang et al[@b94-ijn-8-337] fabricated hydrogels (PEG and agarose) embedded with mechanically enhanced microchannels using a simple molding method ([Figure 8A](#f8-ijn-8-337){ref-type="fig"}). PEG was incorporated with agarose to create hydrogels having interpenetrating polymer networks using a two-step polymerization process. The mechanical properties of the microchannels generated were enhanced locally by an additional layer of PEG gelled onto the inner channel wall, which increased their resistance to surrounding pressure and deformation upon mechanical loading. The perfusion ability of microchannels has also been evaluated. Ling et al[@b95-ijn-8-337] engineered microfluidic cell-encapsulating agarose hydrogels using a soft lithography approach ([Figure 8B](#f8-ijn-8-337){ref-type="fig"}). Agarose solution mixed with hepatic cells was perfused and gelled against the templates fabricated by soft lithography. Two sizes (50 μm × 70 μm and 1 mm × 150 μm) of microchannels were generated, and it was shown that only the hepatic cells close to the channels remained viable after 3 days in culture, demonstrating the importance of a vascular-based structure in large hydrogel constructs. Lee et al[@b96-ijn-8-337] generated multilayered cell-collagen constructs using a bioprinting technique ([Figure 8C](#f8-ijn-8-337){ref-type="fig"}). They printed simultaneous gelatin networks as a sacrificial element, which were later thermally removed. Other branched constructs have also been fabricated by application of agarose rods acting as a filling material.[@b97-ijn-8-337] Using this method, blood vessels of the desired geometry were constructed successfully.

Microfluidic hydrogels embedded within microfluidic networks can increase mass transfer and have the ability to regenerate vascularized tissue constructs in vitro. However, techniques for fabrication of hierarchically branched vascular networks in hydrogels need to be developed further. Moreover, it is still a big challenge to integrate microfluidic networks in fabricated tissue constructs with the host vascular system in vivo.

Conclusion and future perspectives
==================================

A variety of methods for fabrication of three-dimensional biomimetic scaffolds, including electrospinning, phase-separation, freeze-drying, and self-assembly, have been developed for biomedical applications such as tissue engineering. These three-dimensional scaffolds offer great potential to mimic the native extracellular matrix due to their nanoscaled fibrous structures. Several thin or avascular tissues, such as skin, cartilage, and bladder, have been successfully engineered in vitro using both nanostructured scaffolds and a top-down approach. However, the lack of spatiotemporal control of the three-dimensional cellular microarchitecture and extracellular matrix distribution in large three-dimensional scaffolds presently limits their applications with regard to regeneration of complex functional tissues (eg, kidney and liver). In addition, how to generate a vascular system in three-dimensional scaffolds which can supply oxygen and nutrients to the encapsulated cells is also a big challenge.

Emerging bottom-up methods can fabricate three-dimensional complex tissue constructs in vitro by assembling cell-encapsulating microgels. Compared with top-down approaches, there are several advantages: spatiotemporal control of three-dimensional complex constructs with desired geometry (eg, shape and multilayer); superior diffusion properties of microgels due to their controllable volume, resulting in a high cell density (greater than 80%); and fabrication of vascular-like structures via microfluidic cell-encapsulating hydrogels, which are essential in a large tissue construct. The novel strategies reviewed here offer great potential to generate three-dimensional tissues and organs for clinical application.
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![Schematic of "top-down" and "bottom-up" approaches for tissue engineering. (**A**) In the top-down approach, cells are seeded on a biocompatible and biodegradable scaffold and are expected to populate in the scaffold and create their own extracellular matrix. (**B**) In the bottom-up approach, various methods are utilized for generating tissue building blocks and these units can be engineered into large tissue constructs via multiple assembling methods.\
**Abbreviation:** ECM, extracellular matrix.](ijn-8-337f1){#f1-ijn-8-337}

![Electrospinning technique for three-dimensional biomimetic scaffold fabrication. (**A**) Schematic of electrospinning technique and (**B**) scanning electron microscopic images of collagen nanofibers fabricated by electrospinning.[@b33-ijn-8-337]](ijn-8-337f2){#f2-ijn-8-337}

![Scanning electron micrographs of nanostructured scaffolds fabricated by phase-separation and freeze-drying. (**A** and **B**) Images of chitosan nanofibers prepared by phase-separation at 0.05% (w/v) chitosan, 0.025% (w/v), and liquid nitrogen (**A**, scale bar 10 μm; **B**, scale bar 2 μm).[@b44-ijn-8-337] Images of porous scaffolds prepared by freeze-drying under 6.5 mbar (**C**) and 0.1 mbar (**D**) freeze-drying pressure (scale bar, 50 μm).[@b48-ijn-8-337]](ijn-8-337f3){#f3-ijn-8-337}

![Self-assembly method for fabrication of three-dimensional scaffolds. (**A**) Schematic representation of filamentous nanostructures surrounding cells for signaling events.[@b53-ijn-8-337] (**B**) (**a**) Chemical structure and (**b**) molecular model of peptide amphiphiles. Color scheme: C, black; H, white; O, red; N, blue; P, cyan; S, yellow. (**c**) Schematic for the self-assembly of peptide amphiphiles into a cylindrical micelle. (**C**) (**a** and **b**) Transmission electron microscopic images of self-assembled nanofibers before covalent capture. (**a**) Scale bar 50 nm and (**b**) scale bar 200 nm. (**c** and **d**) Transmission electron microscopic images of self-assembled nanofibers after oxidative crosslinking (**c**, scale bar 100 nm; **d**, scale bar 25 nm).[@b55-ijn-8-337]](ijn-8-337f4){#f4-ijn-8-337}

![Three-dimensional biomimetic scaffolds for cartilage tissue engineering.[@b68-ijn-8-337] (**A**) Actual and scanning electron micrographs of oriented (**a** and **b**) and nonoriented scaffolds (**c** and **d**) showing the volume and porosity of each scaffold (**e** and **f**). (**B**) In vivo fate of in vitro fabricated cartilage: grow view (**a** and **b**), histology and immunohistochemistry; the specimen in the oriented group shows typical and homogeneous cartilage structure with abundant cartilage-specific extracellular matrix and a large size in thickness (**c** and **d**); the specimen in the nonoriented group shows relatively heterogeneous cartilage structure with a smaller thickness (**e** and **f**). Scale bar 100 μm.](ijn-8-337f5){#f5-ijn-8-337}

![Fabrication and assembly process for microgels via railed microfluidic and acoustic field. (**A**) Schematic of photolithography methods used to fabricate microgels.[@b87-ijn-8-337] (**B**) Railed microfluidic assembly of microgels, (**a**) schematic of a microtrain, (**b**) assembled 3 × 3 matrix with two different living cells using cell-encapsulating thylene glycol diacrylate solution, and (**c**) fluorescent images of cell-encapsulating microgels. Scale bar 150 μm.[@b23-ijn-8-337] (**C**) (**a**) Schematic of acoustic assembly of microgels; (**b** and **c**) before and after acoustic excitation, single-layer formation (200 μm × 200 μm microgels, scale bar 200 μm); (**d**) new microgels were introduced onto a single layer to generate a double-layered structure (scale bar 200 μm); (**e**) multilayered structure using layer-to-layer approach (scale bar 200 μm).[@b24-ijn-8-337]](ijn-8-337f6){#f6-ijn-8-337}

![Magnetic and surface tension assembly of microgels. (**A**) (**a**) Schematic of magnetic assembly of microgels; (**b**) magnified image of the assembled single-layer construct (scale bar 500 μm); (**c** and **f**) merged fluorescent images of three-layer spheroids; first layer gels are stained with rhodamine B (**d**); second layer gels are stained with FITC-dextran (**e**); and third layer gels are stained with 1, 1, 4, 4-tetraphenyl-1,3-butadiene (**f**). Scale bar 500 μm.[@b25-ijn-8-337] (**B**) Fluorescence images of lock-and-key assemblies with one, two, and three rods per cross (**a** to **f**); fluorescence images of assembled microgels containing green-stained and red-stained cells (**g** and **h**). Scale bar 200 μm.[@b21-ijn-8-337]](ijn-8-337f7){#f7-ijn-8-337}

![Microfluidic hydrogels for vascularization. (**A**) (**a**) Schematic representation of mechanically enhanced microfluidic hydrogel fabrication; (**b**) three-dimensional structure and (**c**) cross-sectional view; (**d** and **e**) hydrogels with enhanced microchannel wall. (**d**) Scale bar 500 μm; (**e**) scale bar 200 μm. (**f** and **g**) Fluorescent images of live-dead cells following the fabrication process (**f**) and after 3 days of perfusion culture (**g**). Scale bar 500 μm.[@b94-ijn-8-337] (**B**) (**a**) Schematic of fabrication process for microfluidic cell-encapsulating hydrogels (**b** and **c**) cross-sectional images of agarose constructs with channel size (**b**) 50 μm × 70 μm and (**c**) 1 mm × 150 μm. (**a**) Scale bar 50 μm and (**b**) scale bar 250 μm.[@b95-ijn-8-337] (**C**) (**a**) Multilayered collagen scaffold with microfluidic microchannels; (**b**) utilizing printed gelatin networks as a sacrificial element. Scale bar 5 mm. (**c** and **d**) Designed post fusion pattern of branched constructs using agarose rods as filling material.[@b96-ijn-8-337]](ijn-8-337f8){#f8-ijn-8-337}

###### 

Different methods for fabricating three-dimensional nanostructured scaffolds

  Method             Polymer         Diameter of fiber   Porosity   Cell viability   Material types/ commercially available[\*](#tfn2-ijn-8-337){ref-type="table-fn"}   Applications for TE   Reference
  ------------------ --------------- ------------------- ---------- ---------------- ---------------------------------------------------------------------------------- --------------------- --------------------------------------
  Electrospinning    PLLA            400--1100 nm        80%--95%   \<80%            30/✓                                                                               Skin                  [@b98-ijn-8-337]--[@b100-ijn-8-337]
                     PLGA                                                                                                                                               Cartilage             [@b101-ijn-8-337]
                     PGA/PLLA                                                                                                                                                                 [@b102-ijn-8-337]
                     Collagen/PCL                                                                                                                                       Vascular              [@b103-ijn-8-337]
                     Chitosan/PCL                                                                                                                                       Nerve                 [@b104-ijn-8-337], [@b105-ijn-8-337]
                     Silk/HAP                                                                                                                                           Bone                  [@b106-ijn-8-337]
  Phase-separation   PLLA/HAP        50--500 nm          60%--98%   \<98%            15--20/✓                                                                           Bone                  [@b43-ijn-8-337], [@b107-ijn-8-337]
                     PLGA                                                                                                                                                                     [@b42-ijn-8-337]
                     Chitosan                                                                                                                                                                 [@b44-ijn-8-337]
  Freeze-drying      Chitosan/PLLA   50--450 nm          30%--80%   \<90%            15/✓                                                                               Tendon                [@b108-ijn-8-337]--[@b110-ijn-8-337]
                     Collagen/GAG                                                                                                                                       Bone/tendon           [@b111-ijn-8-337]
                     Gelatin-PHEMA                                                                                                                                      Skin                  [@b49-ijn-8-337]
  Self-assembly      Peptide         5--300 nm           80%--90%   60%--95%         5--10/−                                                                            Cartilage             [@b59-ijn-8-337], [@b112-ijn-8-337]

**Notes:**

approximate values;

✓, available; --, not known.

**Abbreviations:** PLLA, poly (lactic acid); PLGA, poly (lactic-co-glycolic acid); PGA, poly (glycolic acid); PCL, polycaprolactone; HAP, hydroxyapatite; GAG, glycosaminoglycan; PHEMA, poly (\[MAG\]-2-hydroxyethl methacrylate); TE, tissue engineering.
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